.-Reproductive viability and oxidative activity on various substrates (alanine, glutamic acid, glucose, lactic acid) were studied in Staphylococcus aureus cells subjected to (i) freezing and thawing, (ii) lyophilization, (iii) irradiation in suspension, (iv) irradiation in lyophilized state, and (v) lyophilization and irradiation in the presence of various substrates. Freezing and thawing in dilute albumin solution had no effect on viable cell count and on lactic acid oxidation, but the oxidation rates of alanine, glutamic acid, and glucose were decreased. Lyophilization reduced the viable cell count to 25 to 30% of the initial value, and decreased the oxidation rates of glutamic acid and alanine proportionally, whereas decrease in glucose oxidation was less than proportional. The lactic acid oxidation rate was not affected by lyophilization. An 
in dilute albumin solution had no effect on viable cell count and on lactic acid oxidation, but the oxidation rates of alanine, glutamic acid, and glucose were decreased. Lyophilization reduced the viable cell count to 25 to 30% of the initial value, and decreased the oxidation rates of glutamic acid and alanine proportionally, whereas decrease in glucose oxidation was less than proportional. The lactic acid oxidation rate was not affected by lyophilization. An irradiation dosage of about 40,000 r was required to reduce the viable count of cells irradiated in suspension by one logio unit; lyophilized cells required 140,000 to 170,000 r. Cells irradiated in suspension with dosages sufficient to render them completely nonviable on culture continued to respire on lactic acid at about 60% the rate of nonirradiated cells, but the residual activities on the other substrates tested were less than 10 to 12%. Lyophilized cells irradiated with sufficient dosages for cultural nonviability retained 40 to 80% of the oxidative capacity of nonirradiated cells on the test substrates. Cells lyophilized and irradiated in the presence of albumin generally retained a greater portion of their oxidative activities compared with cells lyophilized and irradiated in buffer. Cells irradiated in the presence of various oxidizable substrates gave varying results, depending both on the substrate present during irradiation and the substrate added for the oxidative studies.
Previous studies on the effects of gamma irradiation on Mycobacterium tuberculosis and Brucella abortus showed that bacterial cells irradiated with gamma rays under conditions which render them nonreproductive on suitable culture media and noninfectious for experimental animals retain their ability to oxidize various substrates (Ahn et al., 1962) . In a search for the ideal irradiation medium which will aid in rendering bacterial cells nonreproductive with the least damage to other cellular functions, further studies were carried out with Staphylococcus aureus cells. The present paper reports the results of studies on the effects of the presence of water and various substrates during irradiation on the metabolic activity and reproductive ability of the S. aureus cells. Inasmuch as most of our studies deal with cells lyophilized prior to irradiation, the results of studies on the effects of freezing and lyophilization are included.
The aim of our studies, to delineate a method of irradiating bacterial cells which will render the cells nonreproductive with minimal damage to other cellular functions, was dictated by the idea that such cells of pathogenic organisms may be usable as vaccines. It was hoped that these cells would be incapable of causing disease and yet would retain an immunogenic potency equivalent to that of the living virulent cell. (Table 4) . Lyophilization in 0.85% saline was slightly more deleterious than lyophilization from dilute albumin or glucose solution. Pait of the damage produced by lyophilization in saline is attributable to the freezing, but the major damage occurred during drying, and the suspending medium had only slight, if any, influence in preventing this damage to cell viability.
The oxygen uptake rates of cells lyophilized in albumin solution with alanine, glutamic acid, and glucose were also decreased ( (Table 2) . Approximately three to four times this dosage was required to render lyophilized cells nonviable (Table 4 ). The irradiation dosage for producing one log,, unit decrease in viable cell count ranged from 140,000 r for cells lyophilized in saline to 160,000 to 170,000 r for cells lyophilized in albumin and glucose solutions. Cells irradiated in suspension also appeared to be slightly more susceptible in the presence of saline compared with cells suspended in albumin and glucose solutions, but the difference is probably not significant.
Effect of gamma irradiation on oxidation of substrates. The oxygen uptake rates of cells irradiated in suspension on all substrates tested decreased with increased irradiation (Table 6 ). The ability of the cells to oxidize alanine and glutamic acid decreased sharply and only slight, if any, activity for the amino acids was left after exposure to a dosage sufficient to render all the cells nonreproductive. The rate of oxidation of glucose also showed a similar, though less sharp, decline with increased irradiation. The enzymes involved in the oxidation of lactic acid were least susceptible to gamma irradiation in suspension. Cells irradiated with dosages sufficient to render them completely nonreproductive still oxidized lactic acid at about 60% of the rate of nonirradiated cells. The oxidation systems of cells irradiated in the lyophilized state were less susceptible to gamma irradiation (Table 7) . Although a much larger dosage was required to render lyophilized cells nonreproductive, such cells continued to respire at 40 to 80% of the rates of nonirradiated cells on the substrates tested. The lactic acid oxidation system of the lyophilized cells, as in the suspended cells, was least affected by gamma irradiation.
The effect of lyophilization and irradiation in the presence of the substrates on the oxidation systems of S. aureus varied with both the substrate present during irradiation and the substrate added for the metabolic studies. The oxygen uptake rate in buffer of cells irradiated in alanine was no greater than that of cells irradiated in buffer only, yet the latter cells measurably oxidized added alanine (Table 5 ). Cells irradiated in glucose respired at a significantly higher rate in buffer than cells irradiated in buffer did in added glucose, although the glucose concentration was lower in the former reaction mixture. This is more clearly illustrated in Fig. 1 , which shows the oxidation rates of cells irradiated in the presence of glucose compared with rates of cells irradiated in buffer at various total concentrations of glucose. A similar comparison with lactic acid oxidation rates shows that cells lyophilized and irradiated in the presence of lactic acid are no more active than cells lyophilized and irradiated in buffer (Fig. 2) .
Approximations of the oxygen uptake attributable to the added substrates by deduction of the oxygen consumed in buffer show the presence of albumin during irradiation may have some protective effect on the oxidative enzymes, except for those concerned with the oxidation of glucose, compared with cells lyophilized and irradiated in buffer. Such approximations of the data in which mixtures of oxidizable substrates are present, owing to additions of substrates to substrates carried over with the irradiated cells, show that cells irradiated in the presence of glutamic acid tended to utilize oxygen at a greater than additive rate on added lactic acid and alanine. Cells irradiated in the presence of any of the substrates tested utilized oxygen at slightly higher than additive rates when glutamic acid was added as substrate.
DiSCUSSION
Effects of freezing and lyophilization. The deleterious effects of freezing are postulated to be due to intracellular ice formation or concentration of solutes from extracellular freezing, or both (Taylor, 1960; Mazur, 1960) . The latter process may also produce an effect by dehydrating the cells. In studies with Aspergillus flavus, Mazur (1960) noted very high survival rates of cells and spores suspended in distilled water and in high concentrations of salt solutions when exposed to temperatures as low as -45 C if no freezing occurred. The critical temperature for frozen cells was between -10 and -15 C. Below this temperature he noted a precipitous decrease in the viability of frozen cells. He postulated that at the critical temperature, which varies with the microorganism tested, the extracellular formation of ice crystals of just the right radius for penetration through the aqueous channels in the cell membrane is favored. Such crystals seed the intracellular fluid, causing it to freeze. The protective effect of sugars and other substances is l)ostulated to be due to their prevention of this intracellular freezing. As additional support for his hypothesis, Mazur (1960) observed that the freeze-drying process of lyophilization was harmful to Aspergillus spores, whereas dehydration in the absence of freezing was comparatively harmless.
Under conditions of our studies, lyophilization was observed to be injurious to the viability of S. aureus cells also, and simple freezing in 0.85% saline at the temperature of an ordinary freezer produced a comparatively slight decrease in viability. Mazur's (1960) It is currently impossible to formulate an allinclusive theory to exl)lain the mechanism of action of radiation which will encompass the data reported. Certain observations, however, have been reported repeatedly, and hypotheses have been advanced to explain them. It was early noted that radiation dose-effect curves had no sharl) break indicating a threshold dose. In studies with homogeneous bacterial populations, it was thought unlikely that the results were entirely due to variation in sensitivity. To explain this apparent lack of threshold dose for radiation sensitivv, it was lpostulated that a "direct hit" was required to lproduce an effect (Zimmer, 1961) . With increasing dosage of radiation, a larger proportion of individuals in the population were hit. Later, specific targets were proposed for these hits to account for the effect being measured. Then, when it was noted that sensitivity to irradiation was modified by a variety of conditions, it was hypothesized that radiation effects were largely mediated through an indirect mechanism which was influenced by changes in conditions (Kelner et al., 1955 Stapleton, Billen, and Hollaender (1952) (Kelley, 1961) . Our studies showed that from 40 to 80% of the oxidative capacity, depending on the substrate, may be retained by cells no longer capable of multiplying on culture.
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